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The OPERA neutrino detector in the underground Gran Sasso Laboratory (LNGS) has been designed to
perform the ﬁrst detection of neutrino oscillations in direct appearance mode through the study of the
νμ → ντ channel. The hybrid apparatus consists of an emulsion/lead target complemented by electronic
detectors and it is placed in the high energy long-baseline CERN to LNGS beam (CNGS) 730 km away
from the neutrino source. Runs with CNGS neutrinos were successfully carried out in 2008 and 2009.
After a brief description of the beam, the experimental setup and the procedures used for the analysis
of the neutrino events, we describe the topology and kinematics of a ﬁrst candidate ντ charged-current
event satisfying the kinematical selection criteria. The background calculations and their cross-check are
explained in detail and the signiﬁcance of the event is assessed.
© 2010 Elsevier B.V. Open access under CC BY license. 1. Introduction
Neutrino oscillations were anticipated nearly 50 years ago [1]
but were observed much later [2]. Several experiments carried out
in the last decades with atmospheric and accelerator neutrinos, as
well as with solar and reactor neutrinos, have contributed to our
present understanding of neutrino mixing (see e.g. [3] for a re-
view).
Atmospheric neutrino oscillations, in particular, have been stud-
ied by the Kamiokande [4], Super-Kamiokande [2], MACRO [5] and
SOUDAN2 [6] experiments. The CHOOZ [7] and Palo Verde [8] re-
actor experiments excluded indirectly the νμ → νe channel as the
dominant process in the atmospheric sector. Two accelerator ex-
periments have already conﬁrmed the oscillation hypothesis in
disappearance mode, K2K [9] and MINOS [10]. However, the di-
rect observation of ﬂavour transition through the detection of the
corresponding lepton has never been observed. Appearance of ντ
will prove unambiguously that νμ → ντ oscillation is the domi-
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6 Now at University of Bern, Switzerland.nant transition channel at the atmospheric scale. This is the main
goal of the OPERA experiment [11–13] with the high energy long
baseline CNGS [14] neutrino beam from CERN to the Gran Sasso
Underground Laboratory of INFN. The observation of interactions
of CNGS neutrinos in the OPERA detector have already been pre-
sented [15].
In this Letter, we report the observation of a ﬁrst τ -lepton
candidate event, possibly produced by an oscillated ντ , consis-
tent with the kinematical selection criteria [12,13]. We evaluate
the expected numbers of signal and background events in the data
sample analysed so far, the probability that the event is due to a
background ﬂuctuation and the statistical signiﬁcance of the obser-
vation.
2. The OPERA detector and the CNGS beam
The challenge of the OPERA experiment is the detection of the
short-lived τ lepton (cτ = 87 μm) produced in the charged-current
(CC) interaction of ντ . This sets two requirements diﬃcult to con-
ciliate: a large target mass to collect enough statistics and a very
high spatial accuracy to observe the τ lepton, the decay length
of which being in the millimetre range at the CNGS beam en-
ergy. In OPERA, neutrinos interact in a large mass target made
of lead plates interspaced with nuclear emulsion ﬁlms acting as
high-accuracy tracking devices. This kind of detector is historically
called Emulsion Cloud Chamber (ECC). It was successfully used to
establish the ﬁrst evidence for charm in cosmic rays interactions
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of the ντ [17]. OPERA is a hybrid detector [18] made of a veto
plane followed by two identical Super Modules (SM) each consist-
ing of a target section of about 625 tons made of 75000 emul-
sion/lead ECC modules or “bricks”, of a scintillator Target Tracker
detector (TT) to trigger the read-out and localize neutrino inter-
actions within the target, and of a muon spectrometer. A target
brick consists of 56 lead plates of 1 mm thickness interleaved with
57 emulsion ﬁlms and weighs 8.3 kg. Their thickness along the
beam direction corresponds to about 10 radiation lengths. In order
to reduce the emulsion scanning load, Changeable Sheets (CS) ﬁlm
interfaces have been used. They consist in tightly packed doublets
of emulsion ﬁlms glued to the downstream face of each brick.
Charged particles from a neutrino interaction in a brick cross
the CS and produce signals in the TT that allow the corresponding
brick to be identiﬁed and extracted by an automated system. Large
ancillary facilities are used to bring bricks from the target up to the
automatic scanning microscopes at LNGS and various laboratories
in Europe and Japan [19,20]. Extensive information on the OPERA
detector and ancillary facilities are given in [18,21].
OPERA is exposed to the long-baseline CNGS νμ beam [14] from
CERN to LNGS, 730 km away. The beam is optimized for the ob-
servation of ντ CC interactions. The average neutrino energy is
∼ 17 GeV. The ν¯μ contamination is 2.1% in terms of interactions;
the νe and ν¯e contaminations are lower than 1%, while the num-
ber of prompt ντ is negligible. With a total CNGS beam intensity of
22.5×1019 protons on target (p.o.t.), about 24300 neutrino events
would be collected. The experiment should observe about 10ντ CC
events for the present m223 allowed region with a background
of less than one event. In 2006 and 2007, ﬁrst interactions were
recorded during the commissioning phase of the CNGS. Signiﬁcant
amount of data were collected starting in 2008 [15]. We report
here on results based on part of the data taken during 2008 and
2009 runs, which amounted respectively to 1.78 and 3.52 × 1019
p.o.t., respectively. Among the 10122 and 21428 on-time events
taken in 2008 and 2009, respectively 1698 and 3693 events were
identiﬁed as candidate neutrino interactions in the target bricks.
3. Event selection and analysis
The appearance of the τ lepton is identiﬁed in OPERA by the
detection of its characteristic decay topologies, either in one prong
(electron, muon or hadron) or in three prongs.
A software algorithm [22] selects CC and neutral-current (NC)
events inside the target. When a trigger in the electronic detec-
tors is compatible with an interaction inside a brick, a software
reconstruction program processes the electronic detector data to
select the brick with the highest probability to contain the neu-
trino interaction vertex. The contamination by interactions occur-
ring outside the target is evaluated by Monte Carlo simulations to
be 4.8%. Bricks designated by the ﬁnding algorithm are removed
from the target wall and exposed to X-rays for CS-to-brick align-
ment and the CS doublet is detached from the brick and developed
underground. The corresponding CS ﬁlms are then analysed to val-
idate the designated brick. The information of the CS is later used
for a precise prediction of the position of the tracks in the most
downstream ﬁlms of the brick, helping the tracks scan-back in
the subsequent vertex ﬁnding procedure. Validation of the selected
brick is achieved if at least one track compatible with hits recon-
structed in the electronic detectors is detected in the CS ﬁlms. The
eﬃciency of the brick ﬁnding procedure from the analysis of the
2008 run is found to be 77% after the most probable or, when
required, the two most probable bricks have been analysed. This
eﬃciency reaches 83% in a subsample where up to 4 bricks per
event were processed.After a brick has been validated, it is brought to the surface to
be exposed to high-energy cosmic-rays for a precise ﬁlm-to-ﬁlm
alignment. The brick emulsion ﬁlms are then developed and dis-
patched to the various scanning laboratories. All tracks measured
in the CS are sought in the most downstream ﬁlms of the brick
and followed back until they are not found in three consecutive
ﬁlms. The stopping point is considered as the signature either for
a primary or a secondary vertex. The vertex is then conﬁrmed by
scanning a volume with a transverse size of 1 cm2 in 15 ﬁlms in
total, 5 upstream and 10 downstream of the stopping point. The
present overall location eﬃciency averaged over NC and CC events,
from the electronic detector predictions down to the vertex conﬁr-
mation, is about 60%.
A further phase of analysis is applied to located vertices, called
decay search procedure, to detect possible decay or interaction
topologies on tracks attached to the primary vertex. It is also
searched for extra tracks from neutral decays, interactions and γ -
ray conversions. When secondary vertices are found in the event,
a kinematical analysis is performed, using particle angles and mo-
menta measured in the emulsion ﬁlms.
For charged particles up to about 6 GeV/c, momenta can be
determined using the angular deviations produced by Multiple
Coulomb Scattering (MCS) of tracks in the lead plates [23]. This
method gives a momentum resolution better than 22% for charged
particles with momenta lower than 6 GeV/c, passing through an
entire brick at normal incidence. For higher momentum particles,
the measurement is based on the position deviations. The resolu-
tion is better than 33% on 1/p up to 12 GeV/c for particles passing
through an entire brick at normal incidence. Momenta of muons
reaching the spectrometer are measured with a resolution of 20%
up to 30 GeV/c and the sign of their charge is determined [24].
The γ -ray search is performed in the whole scanned volume by
checking all tracks having an impact parameter (IP) with respect to
the primary or secondary vertices lower than 800 μm. The angular
acceptance is ±500 mrad. The γ -ray energy is estimated by a Neu-
ral Network algorithm that uses the combination of the number of
segments and the shape of the electromagnetic shower and also
the multiple Coulomb scattering of the leading tracks. The same
method is applicable to electrons from νe CC interactions. The γ -
ray attachment to a vertex is based on the angular resolution of
the ﬁrst measured segment of the e+e− pair. The precision in the
γ -ray attachment to a vertex depends on the conversion point in-
side the 1 mm thick lead plate. The typical resolution for γ -ray
angle determination is 5 (3) mrad at 1 (3) GeV.
The detection of decay topologies is triggered by the observa-
tion of a track with a large impact parameter with respect to the
primary vertex. The IP of primary tracks is smaller than 12 μm af-
ter excluding tracks produced by very soft particles.
The results presented in this Letter come from the decay search
analysis of a sample of 1088 events of which 901 are classiﬁed as
CC interactions. This sample, taking into account the event loca-
tion eﬃciencies, corresponds to 1813 interactions occurring in the
target, namely about 35% of the 2008 and 2009 data sample, or,
rescaled to the beam integrated intensity, to 1.89× 1019 p.o.t.
Charmed particles have similar lifetimes as τ leptons and, if
charged, share the same decay topologies. Being produced in νμ
CC interactions, the location of their primary vertex is easier than
that of muon-less ντ CC interactions where the τ lepton decays
into hadrons or into an electron. Still, the primary vertex being
located, the ﬁnding eﬃciency of the decay vertices is similar for
both types of particles, although the selection criteria are more
stringent in the case of the τ analysis that is aiming at mini-
mal background. In the sample of νμ CC interactions that have
been searched for, a total of 20 charm decays have been observed
that survived selection cut-offs, in agreement with the number
N. Agafonova et al. / Physics Letters B 691 (2010) 138–145 141Fig. 1. Display of the τ− candidate event. Top left: view transverse to the neutrino direction. Top right: same view zoomed on the vertices. Bottom: longitudinal view.expected from a MC simulation, 16.0 ± 2.9. This demonstrates
that the eﬃciency of the search for short-lived decay topologies
is understood. Among them, 3 have a one-prong topology where
0.8 ± 0.2 are expected. The background in the total charm event
sample is about 2 events.
4. Candidate event topology and track kinematics
The decay search procedure applied to the 2008–2009 data
sample analysed so far yielded one candidate event with measured
characteristics fulﬁlling the selection criteria a priori deﬁned for
the ντ interaction search. The cuts used in this selection are those
deﬁned in the experiment proposal [12] and its addendum [13].
For decays of the τ to a single charged hadron, it is required at
the secondary vertex, when not in the primary vertex lead plate,
that:
• the kink angle θkink is larger than 20 mrad;
• the secondary vertex is within the two lead plates downstream
of the primary vertex;
• the momentum of the charged secondary particles is larger
than 2 GeV/c;
• the total transverse momentum (PT ) of the decay products is
larger than 0.6 GeV/c if there are no photons emitted at the
decay vertex, and 0.3 GeV/c otherwise.
At the primary vertex, the selection criteria are:
• there are no tracks compatible with that of a muon or an elec-
tron;• the missing transverse momentum (PmissT ) is smaller than 1
GeV/c;
• the angle Φ in the transverse plane between the τ candi-
date track and the hadronic shower direction is larger than
π/2.
The muon-less neutrino interaction reported in detail here oc-
curred in a brick situated in wall 11 of the ﬁrst SM and well inside
the target: 3 bricks from the top and 24 bricks from the left. This
allows a comprehensive study of the event: tracks can be followed
over large distances and secondary vertices including electromag-
netic showers searched for in a large volume. The event has been
independently measured with the European and Japanese scanning
systems. Measurements are consistent and their averages are con-
sidered in the following.
The primary neutrino interaction consists of 7 tracks of which
one exhibits a visible kink. Two electromagnetic showers caused
by γ -rays have been located that are associated with the event.
Fig. 1 shows a display of the event.
• Track 1 exits from the primary interaction brick and is not
found in the brick immediately downstream. It is left by a par-
ticle of momentum (0.78+0.13−0.10) GeV/c most likely interacting
in the target tracker between both walls;
• Track 2 is left by a heavily ionizing particle. From its residual
range (32.0 ± 0.5) g cm−2 and the value of pβ = (0.32+0.31−0.11)
GeV/c measured on the upstream half of the track, the particle
is identiﬁed as a proton, the kaon hypothesis being rejected
with a C.L. of 97%. The proton momentum resulting from the
residual range is (0.60± 0.05) GeV/c;
142 N. Agafonova et al. / Physics Letters B 691 (2010) 138–145Fig. 2. Monte Carlo distribution of: (a) the kink angle for τ decays, (b) the path length of the τ , (c) the momentum of the decay daughter, (d) the total transverse momentum
PT of the detected daughter particles of τ decays with respect to the parent track. The red band shows the 68.3% domain of values allowed for the candidate event and
the dark red line the most probable value. The dark shaded area represents the excluded region corresponding to the a priori tau selection cuts. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this Letter.)• Track 3 is left by a particle which generates a two-prong in-
teraction 4 bricks downstream of the primary vertex. Its mo-
mentum is (1.97+0.33−0.25) GeV/c;• Track 5 has been followed in wall 12 and disappears in wall
13 after a total distance shorter than 174 g cm−2. The particle
has a momentum of (1.30+0.22−0.16) GeV/c;• Track 6 stops in the primary brick. The range, ionisation and
multiple scattering are that of a pion of very low momentum
(0.36+0.18−0.09) GeV/c;• Track 7 is not directly attached to the primary vertex and
points to it with an IP = (43+45−43) μm. Its starting point is sep-
arated from this vertex by 2 lead plates. Its origin is likely to
be a prompt neutral particle. In the analysis, the momentum
(0.49+0.29−0.13) GeV/c has been added to the total momentum at
the primary vertex;
• Track 4 exhibits a kink topology with an angle of (41 ± 2)
mrad after a path length of (1335 ± 35) μm corresponding to
15cτ would it be that of a τ lepton. The expected γ factor
from the kink angle is approximately 25. It is the parent track
of a secondary interaction or decay. Both the kink angle and
the path length satisfy the selection criteria (Figs. 2a and b);• Track 8, the kink daughter track, is left by a particle of a high
momentum of (12+6−3) GeV/c well above the 2 GeV/c selec-
tion cut-off and which generates a 2-prong interaction 7 walls
downstream from its emission vertex (Fig. 2c). Its IP with re-
spect to the primary vertex is (55 ± 4) μm. All the tracks di-
rectly attached to the primary vertex match the vertex point
within 7 μm.
None of the tracks of the charged particles emitted at either
vertex is compatible with being that of an electron. Based on
momentum-range consistency checks, the probability that tracks 1,
5 and 6 are left by muons is estimated to less than 0.001. The
remaining tracks are identiﬁed as left by hadrons through their in-
teraction. The probability of a soft muon with a slope larger than 1,
which is undetectable in the brick and also in the TT, is 1.5%.
γ -Ray 1 has an energy of (5.6±1.0(stat.)±1.7(syst.)) GeV. The
distance between its conversion point and the secondary vertex is
2.2 mm and the shower is compatible with pointing to it with a
probability of 32%, the impact parameter being (7.5 ± 4.3) μm. Its
probability to be attached to the primary vertex is less than 10−3,
the IP being (45.0± 7.7) μm.
N. Agafonova et al. / Physics Letters B 691 (2010) 138–145 143Fig. 3. Monte Carlo distribution of (a) the missing PT at the primary vertex and (b) the angle Φ between the parent track and the rest of the hadronic shower in the
transverse plane at the primary vertex for ντ CC interactions in black and for νμ NC background in blue. The red band shows the 68.3% domain of values allowed for the
candidate event and the dark red line the most probable value. The dark shaded area represents the excluded region corresponding to the a priori tau selection cuts. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this Letter>.)γ -Ray 2 has an energy of (1.2 ± 0.4(stat.) ± 0.4(syst.)) GeV. It
is compatible with pointing to either vertex, with a signiﬁcantly
larger probability of 82% at the secondary vertex, the IP being
(22+25−22) μm, compared to 10% and (85 ± 38) μm at the primary
vertex. Its distance to both vertices is about 13 mm.
5. Kinematical analysis of the candidate event
In the most probable hypothesis γ -ray 2 is emitted at the sec-
ondary vertex. The total transverse momentum PT of the daughter
particles with respect to the parent track is (0.47+0.24−0.12) GeV/c,
above the lower selection cut-off at 0.3 GeV/c. In the low proba-
bility hypothesis where γ -ray 2 is attached to the primary vertex,
the systematic shift in PT does not exceed 50 MeV/c. This small
effect is included in Fig. 2d.
The missing transverse momentum PmissT at the primary vertex
is (0.57+0.32−0.17) GeV/c. This is lower than the upper selection cut-off
at 1 GeV/c (Fig. 3a). The angle Φ between the parent track and
the rest of the hadronic shower in the transverse plane is equal
to (3.01± 0.03) rad, largely above the lower selection cut-off ﬁxed
at π/2 (Fig. 3b). The total hadronic momentum at the primary
vertex, not including that of the parent assumed to be a τ lepton,
is about 5.5 GeV/c. The sum of the modulus of the momenta at
the primary vertex is (24.3+6.1−3.2) GeV/c. This agrees with the total
energy measured in the TT by calorimetry, (44 ± 12) GeV, owing
for the fraction of the momenta taken by the neutrals invisible in
the bricks.
The invariant mass of γ -rays 1 and 2 is (120 ± 20(stat.) ±
35(syst.)) MeV/c2, supporting the hypothesis that they originate
from a π0 decay. Similarly the invariant mass of the charged
decay product assumed to be a π− and of the two γ -rays is
(640+125−80 (stat.)
+100
−90 (syst.)) MeV/c2, which is compatible with the
ρ(770) mass. The branching ratio of the decay mode τ → ρ−ν−τ is
about 25%.
6. Background estimation and statistical signiﬁcance
The secondary vertex is compatible with the decay of a τ− into
h−(nπ0)ντ . The two main sources of background to this channel
where a similar ﬁnal state may be produced are:• the decays to a single charged hadron of charged charmed par-
ticles produced in νμ CC interactions where the primary muon
is not identiﬁed as well as the c–c¯ pair production in νμ NC
interactions when one charm particle is not identiﬁed and the
other decays to a one-prong hadron channel;
• the one-prong inelastic interactions of primary hadrons pro-
duced in νμ CC interactions where the primary muon is not
identiﬁed or in νμ NC interactions and in which no nu-
clear fragment can be associated with the secondary interac-
tion.
The charm background produced in νμ interactions in the anal-
ysed sample amounts to 0.007 ± 0.004(syst.) events [12,13]. That
produced in νe interactions is less than 10−3 events. Current esti-
mates of charm background are conservative since they are based
on the original scanning strategy of the proposal. They do not
include the additional reduction obtained by following all tracks
up to their end points as was done for this candidate event. An
improved evaluation of the charm background that exploits such
additional information is in progress.
A search was performed for hadronic activity seeking for highly
ionising tracks associated with nuclear fragments and pointing to
the secondary vertex. No such track is observed while the number
of α-ray tracks in the vicinity of the event is compatible with that
expected from the lead natural radioactivity [21]. The dominant
background from hadron re-interactions has been evaluated with a
FLUKA based Monte Carlo code [25]. About 160 millions of events
were simulated where 0.5–15 GeV/c π+ , π− , K+ , K− and p are
impinging on 1 mm of lead. The probability for a background inter-
action to occur over 2 mm of lead, the maximal decay length con-
sidered, and to satisfy the selection criteria for the reconstruction
of the kink decay topology and its kinematics is (1.9± 0.1)× 10−4
per NC event. This probability decreases to (3.8 ± 0.2) × 10−5 per
NC event when taking into account the cuts on the event global
kinematics. This leads to a total of 0.011±0.006 (syst.) background
events when misclassiﬁed CC events are included. We assume a
50% error on the result of the FLUKA simulation in order to take
into account possible systematic effects in the hadronic interac-
tions modeling.
The total background in the decay channel to a single charged
hadron is therefore 0.018±0.007(syst.). This new estimation based
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larger than the value of the experiment proposal [12,13].
Three experimental cross-checks of the one-prong hadron back-
ground calculation have been performed, though so-far with small
statistics. The tracks of hadrons from a sub-sample of NC and CC
interactions have been followed far from the primary vertex over
a total length of 8.6 m and no background-like interaction has
been found in the signal region. This corresponds to a probabil-
ity of occurrence over 2 mm of lead smaller than 1.54 × 10−3 at
90% C.L. Outside the signal region, a total of 7 single-prong in-
teractions have been located with a kink angle > 20 mrad and a
daughter transverse momentum PT > 0.2 GeV/c while 8 are ex-
pected from the simulation. Within the low statistics, both PT
distributions agree well. Finally, a brick has been exposed to a
4 GeV/c π− beam and 119 interactions have been analysed so far.
The forward and backward track multiplicities, the kink angle, the
secondary particles momentum and their PT have been checked
against FLUKA. They agree within statistical uncertainties both in
normalisation to ∼ 10% and shape. (7.4 ± 1.1)% are one-prong in-
teractions with a kink angle larger than 20 mrad when (7.6±0.3)%
are predicted by the simulation.
Finally, the expected number of events due to prompt ντ back-
ground from Ds decays is 10−4 (10−7 per CC event).
The probability that the expected 0.018 ± 0.007(syst.) back-
ground events to the h−(nπ0)ντ decay channel of the τ ﬂuctu-
ate to one event is 1.8% (2.36σ ). As the search for τ− decays
is extended to all four channels, μ−ντ ν¯μ , e−ντ ν¯e , h−(nπ0)ντ
and π−π−π+ντ , the total background then becomes 0.045 ±
0.023(syst.). The probability that this expected background to all
searched decay channels of the τ ﬂuctuate to one event is 4.5%
(2.01σ ).
At m223 = 2.5 × 10−3 eV2 and full mixing, the expected num-
ber of observed τ events with the present analysed statistics is
0.54 ± 0.13(syst.) of which 0.16 ± 0.04(syst.) in the one-prong
hadron topology, in agreement with the observation of one event.
7. Conclusions
We reported the observation of a ﬁrst candidate ντ CC interac-
tion in the OPERA detector at LNGS. It was identiﬁed in a sample
of events corresponding to 1.89× 1019 p.o.t. in the CERN CNGS νμ
beam. The assumed τ− lepton decays into h−(nπ0)ντ and passes
the selection criteria [12,13].
The observation of one possible tau candidate in the decay
channel h−(π0)ντ has a signiﬁcance of 2.36σ of not being a back-
ground ﬂuctuation. If one considers all decay modes included in
the search the signiﬁcance of the observation becomes 2.01σ . The
expected number of ντ events detected in the analysed sample is
0.54± 0.13 (syst.).
We therefore claim the observation of a ﬁrst candidate ντ CC
interaction. Its signiﬁcance, based on our best conservative knowl-
edge of the background, exceeds two σ . This does not allow yet
claiming the observation of νμ → ντ oscillation. Given its sensitiv-
ity, the OPERA experiment will require the detection of a few more
candidate events in order to ﬁrmly establish neutrino oscillations
in direct appearance mode through the identiﬁcation of the ﬁnal
charged lepton.
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